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1. Introduction 


The dual superconductivity is a promising mechanism for quark confinement ii- To establish the dual 
superconductivity picture, we must show the magnetic monopoles play the dominant role in quark confine¬ 
ment. We have presented a new formulation Yang-Mills (YM) theory and proposeed the non-Abelain dual 
superconductivity picture for SU (3) Yang-Mills theory (for a review see 0). We have presented a lattice 
version of a new formulation of SU{N) YM theory[|[], that gives the decomposition of a gauge link vari¬ 
able Uj(,^ = > which is suited for extracting the dominant mode, for quark confinement in the 

gauge independent way. In the case of the SU (2) YM theory, the decomposition of the gauge link variable 
is given by a compact representation of the Cho-Duan-Ge-Faddeev-Niemi (CDGFN) decomposition [Q] on a 
lattice For the SU (N) YM theory, the new formula for the decomposition of a gauge link variable 

is constructed as an extension of the SU (2) case. Our formulation can overcome the problems in the Abelian 
projection method: the magnetic monopole dominant is obtained only in special gauges such as the maximal 
Abelian (MA) gauge and the Laplacian Abelian gauge, and the Abelian projection itself breaks the gauge 
symmetry as well as color symmetry (global symmetry). 

To the SU(3) YM theory, we have applied the minimal option. The minimal option is obtained for the 
stability group of H = U{2) = SU (2) x 17(1), which is suitable for the Wilson loop in the fundamental rep¬ 
resentation. This fact is derived from the non-Abelian Stokes theorem |^l[]. Then, we have demonstrated the 
gauge-independent (invariant) restricted F-field dominance (or conventionally called Abelian dominance) and 
the gauge independent non-Abelian magnetic monopole dominance [p^][]T^][jI^[14][2C]. The dual Meissner 
effect in YM theory must be examined by measuring the distribution of the chromoelectric field sfrengfh (or 
chromo flux) as well as fhe magnetic monopole currenf created by a sialic quark-anliquark pair. In Ihe SU (2) 
case, fhe exlracled field corresponding lo fhe sfabilily group H = U{\) shows fhe dual Meissner effecl [^, 
which is a gauge invarianl version of fhe Abelian projection in MA gauge. In fhe SU (3) case, Ihere are many 


works on chr'omo flux by using Wilson line/loop operator, e.g., [123|][1241][|25|]. Al fhe previous conference, we 
have demonslraled fhe non-Abelian dual Meissner effecl [|l5|]. By applying our new formulation lo fhe SU (3) 
YM Iheory, we have given fhe numerical evidence of fhe non-Abelian dual Meissner effecl claimed by us, and 
found fhe chromoelecfric flux lube by measuring fhe chromo flux crealed by a sialic quark-anliquark pair. We 
have defermined fhal fhe fype of vacuum for SU (3) YM Iheory is of fype I, which is in sharp confrasf to fhe 
SU (2) case: fhe border of fype I and fype II [ |T7| ] or of week fype 1 1||]. 

In Ibis falk, we focus on fhe confinement/deconfinemenl phase Iransilion and fhe non-Abelian dual su- 
perconduclivify al finite femperalure: We measure a Polyakov loop average and correlalion functions of fhe 
Polyakov loops which are defined for bolh fhe original YM field and exlracled V -field to examine fhe V -field 
dominance in fhe Polyakov loop al finite femperalure. Then, we measure fhe chromoelecfric flux belween a 
pair of sialic quark and anliquark of fhe Polyakov loops, and invesligale ifs relevance lo fhe phase Iransilion 
and fhe non-Abelian dual Meissner effecl. 


2. Method 

We infroduce a new formulation of fhe lattice YM Iheory in fhe minimal option, which exlracls fhe dom- 
inanf mode of fhe quark confinemenf for SU (3) YM fheoryl^, [T^, since we consider fhe quark conlinemenf 
in fhe fundamenlal represenfalion. Lei Ux,p = be a decomposition of fhe YM link variable Ux^p, 

where could be fhe dominanl mode for quark confinemenf, and Xx^p fhe remainder pari. The YM field 
and fhe decomposed new variables are iransformed by full SU (3) gauge Iransformalion Q,x such fhal Vx,p is 
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transformed as the gauge link variable and ^ as the site variable: 


U, 


x.p 


^X,V ~ ^xUx,ll^x+jX1 


V. 


x,p ^ 14 ,V ~ ^xyx,p^x+pj ^X,p ^ Xx,v ~ ^xXx,p^l- 


The decomposition is given by solving the defining equation: 

1 


Dp[V]hx := - [I4.^h,+^ -h, 14 ,^] = 0, 

gx := exp(-/a°h;, - = 1, 


(2.1a) 

(2.1b) 


(2.2a) 

(2.2b) 


where hx is an introduced color field hx = ^ {X^/2)^^ G [Sf7(3) jU (2)] with being the Gell-Mann matrix 
and ^ an SU(3) group element. The variable gx is an undetermined parameter from Eq.(2.2a), ’s are 


5M(2)-Lie algebra valued, and has qx an integer value 0,1,2. These defining equations can be solved exactly 
iH, and the solution is given by 


X-x,p — L\^^d&t{L,x,p) ^ Sx 5 ^x,p — ^x,iiXlx,p — SxLx,pUx^p, 


1 /2 ^ 

Lx,ii = {Xx,plX,p) Xx^p, Xx^p = —1 -^{iix~YUx^piixypUx^^)-\-ShxUx^piix-^pUx^^ . 


(2.3a) 

(2.3b) 


Note that the above defining equations correspond to the continuum version: [y]\i{x) = 0 and tr(h(x) ^^p {x)) 

= 0, respectively. In the naive continuum limit, we have reproduced the decomposition (x) = (x) + 

(x) in the continuum theory | [I^ ] as 


V^(x) =A^(x)-^ [h(x), [h(x),A^(x)]] -ig [5^h(x),h(x)] , 
X^(x) = ^ [h(x), [h(x),A^(x)]] [dpHx)Mx)] ■ 


(2.4a) 

(2.4b) 


The decomposition is uniquely obtained as the solution ( ^^ of Eqs.(|2^, if color fields{h;c} are obtained. 
To determine the configuration of color fields, we use the reduction condition to formulate the new theory 
written by new variables {Xx^p,Vx.p) which is equipollent to the original YM theory. Here, we use the reduction 
functional: 

fred[hj = Y .^ r {{ Dl [ Ux , p ] hx ) HDl [ Ux , p ] hx )} , (2.5) 


and then color fields {hv} are obtained by minimizing the functional (2.5). 


3. Lattice result 

We generate YM gauge configurations{L4,;i} at finite temperature using the standard Wilson action. We 
set up a lattice x Nt {X = 24,Nt = 6) and the control the temperature by changing the parameter jS: 
j8 = 5.8, 5.9, 6.0, 6.1, 6.2, 6.3. We generate 500 configurations for each j3. In the measurement of the 


Polyakov loop and Wilson loop, we apply the APE smearing technique to reduce noises [29]. The gauge link 


decomposition Ux,p = Xx^pVx,p is obtained by the formula ( |2.3| ) given in the previous section, after the color 


field configuration {h;^} is obtained by solving the reduction condition of minimizing the functional eq(|2.5|) 
for each gauge configuration! L4,^}. 

Eigure ID shows the distribution of space-averaged Polyakov loops for each configuration: 

pv (nr:i%o,4) > • 


(3.1) 
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Distribution of the Polyalov loop values:: Yang-Mills field 
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Figure 1: The distribution of the space-averaged Polyakov loop for each configuration: (Left) For the YM field. (Right) 
For the restricted field. 


Plyakov loop average L=24, T=6 
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Figure 2: Parameter j3 dependence of the Polyakov loop average: Red plots show {Pu) v.s j3, green ones {Py) v.s j3. 




Figure 3: (Left) The connected operator WLUpL' between a plaquette Up and the Wilson loop W. (Right) Measurement 
of the chromo-flux at finite temperature via Polyakov loop. 


The left panel Fig.[^ shows the distribution of Pu for the YM field for each configuration, and the right panel 
shows the distribution of Py for the restricted field (F-field) for fhe relevanf configuralions. Then, we obfain fhe 
Polyakov loop average, which is fhe convenfional order paramefer for confinemenf and deconfinemenf phase 
fransifion in SU (3) YM fheory. Figure^ shows combined polfs of fhe Polyakov loop average for fhe YM field 
{Pp) and fhe resfricfed field {Py). Each plof shows fhe same critical femperafure of confinement/deconfinemenf 
phase fransifion. These show fhe exfracfed V -field reproduces fhe phase fransifion af finife femperafure. We 
can also show fhe resfricfed field (V -field) dominance in fhe Polyakov loop correlafion functions, which was 
presenfed af fhe lasf conference []I^. 

Nexf, we invesfigafe fhe non-Abelian dual Meissner effecf af finife femperafure. Nofe fhaf af finife fem- 
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Figure 4: chromo-flux created by a pair of Polyakov loops of the YM held, (left) j3 = 5.80, (middle )j3 = 6.00, (right) 
jS =6.30 





Figure 5: chromo-flux created by a pair of Polyakov loops of the restricted field, (left) p = 5.80, (middle )j3 = 6.00, 
(right) p = 6.30 


perature we must use the operator with the same size in the temporal direction, and the quark and antiquark 
pair is replaced by a pair of the Polyakov loop with the opposite direction. To investigate the chromo flux, we 
use the gauge invariant correlation function which is used at zero temperature. The chromo flux created by a 


quark-antiquark pair is measured by using a gauge-invariant connected correlator of the Wilson loop [ ]26| ] : 

{tr {UpL^WL)) l(tr(f/p)tr(W)) 


Pw ■= 


(tr(W)) 


(tr(W)) 


(3.2) 


where W represents the source of a quark-antiquark pair settled by the Wilson loop in Z-T plane. Up a plaquette 
variable as the probe operator for measuring the field strength, and L the Wilson line connecting the source 
W and the probe Up. (see the left panel of Figure The symbol {ff) denotes the average of the operator 
over the space and the ensemble of the configurations. Note that this is sensitive to the field strength rather 
than the disconnected one. Indeed, in the naive continuum limit, the connected correlator pw is given by 


(tr(ge^J?-^vL'WL)) 




Pw- 


Pw ^ g£^ •= Thus, the chromo field strength is given by = y e/ 

Figure ^ and g show the measurement of chromo flux for Yang-Mills field and restricted field (F-field) at 
finite temperature. The chromo-flux of quark-antiquark pair is measured on the plane at z = 1/37? for a given 
quark at z = 0 and an antiquark at z = F by moving the probe. Up or Vp along the y-direction. We find the 
restricted field dominance for the chr'omo-flux tube at finite temperature as well as zero temperature 

At low temperature (see left panels of Fig.^ and Fig.|5l), we observe the chromoelectric flux tube such 
that only the component in the direction connecting a quark and antiquark pair is observed, while the other 


components take vanishing values. This is consistent with the result Ref.[l30|], though they use the different 
operator for the flux measurements. 

At high temperature (T > Tc) (see right panels of Fig.^ and Fig.^, we can observe no more squeezing 
of the chromoelectric flux tube, and non-vanishing component in the chromoelectric flux. This shows the 
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disappearance of the dual Meissner effect at high temperature. 

Then, we investigate the magnetic (monopole) current due to the magnetic condensation: 

kpix) = {F[V]ai}ix + v) -F[V]aj}{x)) (3.3) 

Note that the magnetic monopole current eq(^3|) must have vanishing value if there exists no magnetic 
monopole condensation, since the right-hand side of eq(^) is the Bianchi identity. Therefore, the magnetic 
monopole current can be the order parameter of dual superconductivity. Figure ^ shows the measurements for 
the magnetic current eq(^j|). We observe the appearance and disappearance of the magnetic monopole current 
at low and high temperature, respectively. 
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Figure 6: The magnetic carrent (monopole) induced by a pair of Polyakov loops. 


4. Summary and outlook 

We have investigated the non-Abelian dual Meissner effect at finite temperature by measuring the chromo 
flux due to a pair of quark and antiquark source represented by a pair of the Polyakov loops. Using our 
proposal for a new formulation of Yang-Mills theory on a lattice, we ware able to extract the dominant mode 
for quark confinement as the restricted field {V -field), and confirmed that the restricted field dominance at finite 
temperature. We have observed no more squeezing of the chr'omoelectric flux tube due to the dual Meissner 
effect. We have also measured the magnetic (monopole) current in both the confinement and deconfinement 
phase, and observed that the confinement/deconfinement phase transition is associated to appearance and 
disappearance of magnetic (monopole) current. This is the evidence that the confinement/deconfinement phase 
transition is caused by appearance/disappearance of the non-Abelian dual superconductivity. 
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